affects the nanocrystal formation significant 1 y . This is explained by the ion-beam mixing effect during sequential implantation. The size distributions of the SiGe nanocrystals can also be controlled by annealing conditions.
I. INTRODUCI'ION
Semiconductor nanocrystals, exhibiting new electronic and optical properties, are attractive materials due to their potential applications in optoelectronics. "he ion implantation technique has been used to synthesize nanocrystals of a variety of semiconductor materials, such as Si, Ge, . Our studies on the elemental and compound semiconductor nanocrystals show that the size distribution of these nanocrystals can be controlled by the implantation dose and thermal annealing temperature. To form nanocrystals of alloy semiconductors, it requires that two different elements to be implanted inside the host matrix. This paper presents our study of SiGe nanocrystals formed in Si02 by the ion implantation technique. For materials consisting of more than one element, the sequence of implantation for each constituent species becomes an important issue [12] .
II. EXPERIMFNTAL
SiGe semiconductor nanocrystals were formed by implantation of Si and Ge ions into a Si02 layer on (100) silicon and subsequent thermal annealing. A typical Si02 layer was -0.75 pm thick, forme by thermally oxidizing a (100) Si wafer. The samples used in this paper were heavily implanted with equal doses, 3 x 101' cm-2, of Si and Ge at m m temperature (RT), unless specified othemise. ?he implant energies, 215 keV for Si and 500 keV for Ge, were chosen to overlap the peak concentrations in the middle of the oxide layer. Samples were annealed isochronally for 1 h under Ar + 4%H2 ambient at atmospheric pressure. The annealing temperatures varied from W C to 11WC.
The nanocrystalline smctures were investigated by transmission electron microscopy (TEM) and X-ray diffraction. All the "EM specimens were prepared in cross sections since the concentration distribution from ion implantation is a function of depth. Depth profiles of implanted Ge ions were examined by Rutherford backscattering spectrometry (RBS) using a 2.3 MeV H$+ beam.
m. RESULTS AND DISCUSSIONS
A cross-sectional TEM image, from a sample implanted with Ge at RT and Si at 500'C and then annealed at 1ooo'C for 1 h, is shown in Fig. 1 . A high density of SiGe particles precipitates during annealing for this high dose sample. Similar to the Ge nanocrystals [5] , these SiGe nanocrystals are randomly oriented and near-spherical in shape in the amorphous Si02 matrix. The sues of the SiGe nanocrystals are in the range of 2 -20 nm. The X-ray diffraction measurement, shown in Fig. 1 , confirms the formation of SiGe alloy.
When the sample, implanted with Ge and then Si, was annealed at 1100'C that is near to the melting temperature of the SiGe alloy, the SiGe precipitates grow to much larger sues. Fig. 2 shows that the large precipitates extend up to a few tens of nanometers in size. In the middle of the implanted region, where the concentration is the highest, it appears that coalescence of the particles has occurred. In this region, the SiGe precipitates are usually not spherical in shape. A highresolution TEM image in Fig. 3 shows a precipitate with faceted surfaces/interfaces, mostly (111) and (100) lattice planes. When the sequence of implantation of Si and Ge is reversed, the precipitates of SiGe alloy are much bigger aftex annealing under the same condition, as shown in Fig. 4 large precipitates are about a few hundreds of nanometers. Coarsening of SiGe particles is much more significant in this sample implanted with Si first and then Ge.
RBS measurements have been used to obtain Ge concentration-depth profiles. Fig. 5 shows the Ge profiles for two pairs of samples, one implanted with Ge fmt and then Si and the other implanted with Si first and then Ge, before ad after annealing at 1100'C. At the as-implanted stage, the Ge profile for the sample implanted with Ge fmt is broader than that for the sample implanted with Si first. The broadening of the Ge profile can be explained by the ion-beam mixing effect which occurs when Si ions are implanted aftex the Ge implantation. After annealing at 11WC, sharpening of the Ge peak is very prominent for the sample implanted with Si first. There is also some sharpening of the Ge profile for the sample implanted with Ge first. These. RBS results ae consistent with the "EM observation that the SiGe precipitates are much bigger in the sample implanted with Si first after annealing at 11WC. X-ray diffraction peak width be Ge rich, and thus the alloy would have a lower melting point. This helps to explain why the SiGe precipitates in the center of the implanted region, which is Ge-rich for the sample implanted with Si first, are much bigger than those in the sample implanted with Ge first. Our previous study has revealed that Ge nanocrystals can grow much bigger in Si@ matrix than Si nanocrystals under similar thermal annealing conditions [SI. In the upper and lower regions in the sample implanted with Ge first (see Fig. 2) . the SiGe precipitates ae Ge rich (since the center region is Si rich) with near spherical shape. The particles in the upper and lower regions in the sample implanted with Si first (see Fig. 4 ) a x considend to be Si rich and are much smaller in size.
Small SiGe nanoaystals can be formed when the sample is annealed at lower temperatures. Fig. 6 shows a cross- 
